Unraveling the genetics of the paralytic strabismus syndromes known as congenital cranial dysinnervation disorders (CCDDs) is both informing physicians and their patients and broadening our understanding of development of the ocular motor system. Genetic mutations underlying ocular CCDDs alter either motor neuron specification or motor nerve development, and highlight the importance of modulations of cell signaling, cytoskeletal transport, and microtubule dynamics for axon growth and guidance. Here we review recent advances in our understanding of two CCDDs, congenital fibrosis of the extraocular muscles (CFEOM) and Duane retraction syndrome (DRS), and discuss what they have taught us about mechanisms of axon guidance and selective vulnerability. CFEOM presents with congenital ptosis and restricted eye movements, and can be caused by heterozygous missense mutations in the kinesin motor protein KIF21A or in the b-tubulin isotypes TUBB3 or TUBB2B. CFEOM-causing mutations in these genes alter protein function and result in axon growth and guidance defects. DRS presents with inability to abduct one or both eyes. It can be caused by decreased function of several transcription factors critical for abducens motor neuron identity, including MAFB, or by heterozygous missense mutations in CHN1, which encodes a2-chimaerin, a Rac-GAP GTPase that affects cytoskeletal dynamics. Examination of the orbital innervation in mice lacking Mafb has established that the stereotypical misinnervation of the lateral rectus by fibers of the oculomotor nerve in DRS is secondary to absence of the abducens nerve. Studies of a CHN1 mouse model have begun to elucidate mechanisms of selective vulnerability in the nervous system.
Introduction
Unraveling the genetics of rare Mendelian birth defects not only improves diagnosis, counseling, and care for those affected individuals and their families, but also provides insight into normal development. This has been the case for studies of a series of rare strabismus syndromes in which babies are born with the inability to move one or both eyes in one or more directions of gaze, referred to as the congenital cranial dysinnervation disorders (CCDDs) (1) (2) (3) (4) .
Proper eye alignment and movement require the coordinated action of the six extraocular muscles (EOM) of each eye, and each EOM requires proper innervation by one of three cranial nerves (Fig. 1A) . The oculomotor nerve (cranial nerve III) arises from motor neurons in the midbrain oculomotor nucleus, which send axons ventrally through the midbrain parenchyma to exit into the cranial mesenchyme and extend along a stereotypical trajectory to the orbit. Within the orbit, the oculomotor nerve divides into two main branches again in a stereotypical fashion: the inferior division innervates the medial rectus (MR), inferior rectus (IR), and inferior oblique (IO) muscles, and the superior division innervates the superior rectus (SR) and levator palpebrae superioris (LPS) muscles. The motor neuron cell bodies whose axons form both the inferior and superior divisions are born ipsilateral to the EOM they will innervate. After birth, however, the superior division motor neurons migrate across the midline of the midbrain; those destined to innervate the SR migrate fully across and settle in the contralateral nucleus, while those destined to innervate the LPS migrate to the midline where both left and right motor neurons mix to form a small central caudal nucleus (5, 6) . Thus, the IR, MR, and IO are innervated by ipsilateral and the SR by contralateral motor neurons, and the LPS is mixed. The trochlear nerve (cranial nerve IV) arises from cell bodies at the midbrain-hindbrain junction. The axons course through the midbrain parenchyma dorsally, cross the midline in the tectum, and exit into the cranial mesenchyme where they turn ventrally towards the orbit and innervate the contralateral SO muscle. The abducens nerve (cranial nerve VI) arises from cell bodies in the hindbrain. Axons travel ventrally through the pontine parenchyma, exit into the cranial mesenchyme, and extend to the orbit, where they innervate the LR muscle. Each ocular cranial nerve develops in a spatially and temporally predictable fashion and is isolated from other nerves along its course. Thus, motor neurons and their axons can be genetically labeled in model organisms and normal and aberrant nerve development can be imaged microscopically (7) (8) (9) .
Relatively little is known about the cues that guide ocular motor axons to their proper muscle targets. In genetically modified mice lacking EOMs, the three ocular motor nerves have correct trajectories and reach their proper positions within the orbit, indicating that initial guidance decisions do not rely on muscle cues, but rather mesenchymal cues, axon-axon interactions, or cell autonomous processes. Within the orbit, however, the nerves fail to make terminal branches and the superior division of the oculomotor nerve does not form, indicating that muscle-derived cues are important for terminal branching (7) . Studies in chick and zebrafish have identified several candidate guidance molecules expressed in EOMs and/or surrounding mesenchyme, including CXCL12, Semaphorins, and Hepatocyte Growth Factor (8, (10) (11) (12) , but their specific roles in ocular motor guidance and terminal innervation remain to be defined.
Genetic and functional studies of the CCDDs are providing insight into our understanding of neuronal development and axon guidance in the ocular motor system and elsewhere in the nervous system. Some CCDDs perturb gene function critical for correct ocular cranial motor neuron specification (13) (14) (15) (16) , while others perturb gene function necessary for normal axon growth and guidance (17) (18) (19) (20) (21) . Functional studies of mutant CCDD proteins are also highlighting the importance of specific amino acid residues for critical intramolecular and intermolecular interactions. Here, we review recent work on the CCDDs, focusing on dominant forms of congenital fibrosis of the extraocular muscles (CFEOM) and Duane syndrome, with a special emphasis on what they have taught us about the guidance of ocular motor nerves.
Congenital Fibrosis of the Extraocular Muscles
CFEOM is a congenital, non-progressive disorder characterized by restrictive ophthalmoplegia, eye misalignment, and typically congenital ptosis. Deficits of vertical eye movements, especially upgaze, are prominent, and, coupled with ptosis, result in a prominent chin-up head position. Horizontal eye movement deficits vary, ranging from full horizontal motility to nearly complete ophthalmoplegia (22) (23) (24) (Fig. 2A) . Three genetic forms of CFEOM have been defined -CFEOM1, CFEOM2, and CFEOM3. CFEOM2 is an autosomal recessive disorder of neuronal specification, caused by homozygous mutations in the transcription factor PHOX2A (13), whereas CFEOM1 and CFEOM3 are autosomal dominant disorders of axon guidance, caused by heterozygous mutations in KIF21A (20) and TUBB3 (19) or TUBB2B (21), respectively.
KIF21A-CFEOM1
Heterozygous missense mutations in KIF21A are the primary cause of CFEOM1 (20) . CFEOM1 is bilateral and fairly symmetrical, with ptosis and the eyes fixed in downgaze, and is not associated with any additional neurologic abnormalities (4, 23) . Postmortem examination and MRI studies of individuals with KIF21A-CFEOM1 show hypoplasia of the oculomotor nerve, loss of the superior division and its corresponding motor neurons, abnormal innervation patterns in the orbit, and atrophy of the SR and LPS muscles (23, 25) (Fig. 1B) , supporting a neurogenic rather than myopathic etiology.
KIF21A is a kinesin motor protein that moves cargos along microtubules in an anterograde direction from the cell body to the developing growth cone. It is expressed widely in the cell bodies, axons and dendrites of multiple neuronal populations from early development through maturity, as well as in extraocular and other skeletal muscles (20, 26) , so it is not immediately obvious why mutations would cause an isolated eye movement disorder. CFEOM-causing mutations are missense, however, and alter specific residues in the third coiled-coil domain of the stalk region or in the motor domain of the protein, supporting an altered or gain-of-function mechanism (20, 27) .
Consistent with a gain-of-function mechanism, Kif21a -/-mouse embryos have normal oculomotor development, while a mouse model harboring the most common Kif21a R954W amino acid substitution has ptosis and globe retraction, and recapitulates CFEOM1 pathology (17) . Embryonic mice form a transient widening (bulge) along the proximal oculomotor nerve that is followed by distal nerve thinning, absence of the superior division, and aberrant branching of the inferior division. The bulge contains the stalled growth cones of superior division oculomotor axons, indicating that the superior division is unable to make the proper pathfinding decisions. The stalling is far proximal to the normal branch point of the superior division from the main trunk of the nerve (Fig. 1B) , in contrast to mice which lack extraocular muscles, in which the superior division fails to form and widening of the oculomotor trunk is seen at the normal superior division branch point (7). Thus, the superior division axons in the Kif21a-CFEOM1 mice are likely to stall though a cell-autonomous process or from aberrant response to a mesenchymal cue, and not from aberrant responses to EOM-derived cues.
Studies both in vivo and in vitro established that KIF21A mutations cause CFEOM1 by attenuating an intramolecular interaction between the third coiled-coil and motor domains of KIF21A, critical to its autoinhibition (17, 28) . This leads to a constitutively active molecule with increased microtubule association (17) . Kif21a acts as an inhibitor of microtubule dynamics (28) , and interacts with Map1b (microtubule associated protein 1b). Map1b
-/-mice also have CFEOM, and double heterozygous mice have increased penetrance of CFEOM (17) . Together, these results highlight the importance of cytoskeletal regulation for axon guidance. Moreover, the selective vulnerability of the superior division of the oculomotor nerve to hyperactivation of this widely expressed kinesin motor protein suggests that regulation of the cytoskeleton, through kinesin binding and microtubule associated proteins, differs between different neuronal populations.
TUBB3-CFEOM3
Heterozygous missense mutations in TUBB3 cause CFEOM3 (19) . While CFEOM3 is also characterized by restricted upgaze and ptosis, it is a more variable eye phenotype than CFEOM1; it can be unilateral or asymmetric, and may not include ptosis. Moreover, in some instances CFEOM3 is associated with a Figure 1 . Anatomy of the ocular motor system. (A) Schematic of the normal anatomy of the ocular motor system. The oculomotor nerve (cranial nerve 3; green) extends from the midbrain to the orbit, where it then divides into superior and inferior divisions and innervates the SR and LPS (not shown), and the IR, MR, IO, respectively.
The trochlear nerve (cranial nerve 4; blue) exits the midbrain dorsally, crosses the midline in the tectum, then innervates the contralateral SO. The abducens nerve (cranial nerve 6; pink) exits the hindbrain and innervates the LR. (B) CFEOM1 pathology. The superior division of CN3 is absent, and the nerve displays a proximal bulge formed by stalled, misdirected axons, followed by distal thinning. The SR and LPS (not shown) are hypoplastic. CN4 appears normal and CN6 has mild thinning. (C) Duane syndrome pathology. CN6 is absent, and there is misinnervation of the lateral rectus by axons of CN3. CN3, oculomotor nerve; CN4, trochlear nerve; CN6, abducens nerve; SO, superior oblique; SR, superior rectus; MR, medial rectus; IR, inferior rectus; LR, lateral rectus; IO:¼ inferior oblique.
variety of other neurological abnormalities, including additional cranial nerve defects, intellectual and social disabilities, mild brain malformations, and a progressive peripheral axonal neuropathy (19, 29, 30) . MRI studies of individuals with TUBB3-CFEOM3 show hypoplasia of the oculomotor nerve, thin optic nerve, misinnervation of the lateral rectus by the oculomotor nerve, and variable hypoplasia of the extraocular muscles. With certain mutations, thinning or absence of the facial nerves, brainstem hypoplasia, and additional brain malformations are also seen (19, (29) (30) (31) . TUBB3 encodes the class III b-tubulin isotype. Multiple different a-and b-tubulin isotypes are encoded by separate genes, and heterodimers of a-and b-tubulin assemble into microtubules. Microtubules are dynamic cytoskeletal polymers that provide structure to cells and axons and act as the highways for motor protein transport. TUBB3, the neuron-specific b isotype, is expressed in all postmitotic neurons in the developing and mature brain (32) , although it is not the most abundant isotype in brain (33) . Thus, as with KIF21A mutations, the expression pattern does not explain the often predominantly ocular phenotype.
Ten distinct heterozygous missense TUBB3 mutations have been reported to cause CFEOM3, and the resulting amino acid substitutions alter TUBB3 function and result in predictable genotype-phenotype correlations (19, 29, 30) . These mutations are often but not exclusively in the C-terminal domain of the protein, alter amino acid residues shown to interact with motor protein and microtubule associated proteins, and are associated with increased microtubule stability (19, (34) (35) (36) . In Tubb3 R262C knockin mice, the developing oculomotor nerve makes an erroneous turn along its path from the brainstem to the orbit and reaches the wrong position in the orbit, and the trochlear and trigeminal nerves also show growth and branching deficits (19) . TUBB3 R262C, A302T, and R62Q substitutions cause isolated mild to moderately severe CFEOM3. Interestingly, the in vitro folding of these mutant TUBB3 residues is poor, and they incorporate into microtubules less well than wildtype TUBB3 (19, 37) . This is consistent with an altered-or gain-of-function mechanism: the less mutant tubulin incorporated into the microtubule, the more mild the phenotype. A second series of TUBB3 amino acid substitutions cause more severe eye phenotypes and syndromic CFEOM3 (19, 29, 30, 34) , and are associated with better folding and wildtype or near wildtype levels of incorporation of the mutant tubulin into microtubules (19) . The most severe phenotypes occur with E410K, R262H, and D417H substitutions (19, 30) . Depending on the specific mutation, affected individuals may have intellectual disability, autism spectrum disorder, and brain malformations including thin-to-absent anterior commissure and corpus callosum, dysmorphic basal ganglia with fusion between the putamen and caudate, and hypoplastic or absent olfactory sulci and olfactory bulbs. E410K and R262H substitutions cause facial weakness and vocal cord paralysis, and E410K causes facial dysmorphisms, Kallmann's syndrome (anosmia with hypogonadal hypogonadism), and can lead to cyclic vomiting (19, 30) . E410K, R262H, D417N and D417H substitutions cause a progressive axonal neuropathy, and R262H and D417H are also associated with congenital joint contractures.
Following the initial description of the TUBB3 mutations in CFEOM, which demonstrated that the substitutions reduced kinesin-microtubule interactions and pathologically stabilized microtubules in yeast, in vitro, and in vivo (19), several additional in vitro studies confirmed and further assessed the effect of the amino acid substitutions on microtubule function. Substitutions at R262, E410, and D417 were confirmed to alter the binding of kinesins or microtubule-associated proteins (36) (37) (38) , and to alter microtubule polymerization dynamics (36) . E410K and D417H were shown to inhibit axonal transport of vesicles and mitochondria (38) . R262H and R262A were both demonstrated to reduce kinesin ATPase activity while E410A and R417A did not, implicating R262 in stimulating the ATP-ase function of kinesin, and D417 and E410 in kinesin binding to the microtubule (35, 37) . Interestingly, mutating kinesin at the residue that interacts with microtubules restores kinesin motility on R262A (not a patient mutation) but not R262H mutant microtubules (37) . The human CFEOM3 mutations have thus informed biochemical and biophysical studies of the roles of specific tubulin residues in cytoskeletal function. It remains to be determined exactly why specific amino acid substitutions in a widely expressed protein lead to such specific sets of axon guidance deficits. Expanding TUBB3 phenotype-genotype correlations even further, nine different heterozygous TUBB3 missense mutations cause malformations of cortical development (MCD) but not CFEOM (39) (40) (41) . Individuals with these TUBB3-MCD variants have intellectual disability and motor delays, and postmortem and MRI studies reveal mild cortical dysgenesis, cerebellar vermian dysplasia, and hypoplastic brainstem and, in common with TUBB3-CFEOM3 mutations, agenesis or hypogenesis of the corpus callosum and anterior commissure, and dysmorphic basal ganglia with fusion between putamen and caudate (39, 41) . In contrast to CFEOM-causing substitutions, MCD-causing substitutions are more often in the N-terminal domain of TUBB3 and alter residues that contact the GTP-nucleotide or are involved in intra-and inter-heterodimer interfaces. These mutations thus are more likely to disrupt heterodimer formation and result in decreased microtubule stability (34, 41) .
CFEOM and MCD were assumed to arise through separate mechanisms until the identification of two additional mutations in the N-terminus of the protein that cause both phenotypes (29) . Additionally, a missense mutation in TUBB2B, another b-tubulin isotype, was identified in a family in which affected members had both CFEOM and polymicrogyria (21), while many other pathogenic variants in TUBB2B are associated with polymicrogyria without CFEOM (39, (42) (43) (44) . Remarkably, similar to the CFEOM-causing TUBB3 mutations, the TUBB2B mutation that causes both CFEOM3 and polymicrogyria alters a kinesin binding site, while the other TUBB2B mutations do not.
The range of phenotypes associated with tubulin mutations, and the remarkable genotype-phenotype correlations, show that different neuronal types have differing sensitivity to specific disruptions of tubulin function. The specific reasons for this selective vulnerability remain to be elucidated.
For patients with CFEOM, a molecular diagnosis not only provides valuable information on natural history and associated phenotypes, allowing earlier intervention, but also informs treatments for their ptosis and strabismus, permitting surgeons to tailor their surgical plans based on responses of prior patients with the same molecular defects.
Duane Retraction Syndrome
Duane retraction syndrome (DRS) is characterized by unilateral or bilateral horizontal eye movement limitation, usually of abduction (looking toward the ear), associated with narrowing of the palpebral fissure and retraction of the globe on attempted adduction (looking toward the nose) (Fig. 2B) . It is the most common CCDD, with a reported prevalence varying from 1:1000 -1:10,000 (45) (46) (47) . Postmortem and MRI studies of patients with DRS have shown hypoplasia or absence of the abducens nerve, and aberrant innervation of the lateral rectus by fibers of the oculomotor nerve (48) (49) (50) . DRS can occur in isolation or in association with additional birth defects. Most cases of DRS are simplex, but some segregate in families as autosomal dominant traits. To date, four DRS genes have been identified, each of which causes a small proportion of DRS cases. Three of these, MAFB (16), HOXA1 (14) , and SALL4 (51,52), are transcription factors that, when mutated, cause syndromic DRS. The fourth, CHN1 (18), alters abducens axon guidance and causes isolated DRS.
MAFB-DRS
MAFB mutations cause Duane syndrome with or without hearing loss (16) . In three families with isolated DRS (two transmitted as a dominant trait, one a de novo simplex), heterozygous truncating MAFB mutations that resulted in haploinsufficiency were identified. A fourth family that segregated DRS and sensorineural hearing loss as a dominant trait was found to harbor a truncating MAFB variant that acted in a dominant negative fashion, reducing the activity of the wildtype protein to less than 50% (16) . These human findings highlight the different sensitivities of different tissues to loss of MAFB function.
Mafb encodes a transcription factor of the basic leucine zipper family that is expressed in rhombomeres 5 and 6, where the abducens nerve develops, and is required for proper hindbrain patterning (53) (54) (55) (56) (57) . In the absence of Mafb, abducens motor neurons fail to develop (53, 54) . By contrast, Mafb is not expressed in the midbrain, and the oculomotor nucleus is not altered by its loss. Orbital dissections of Mafb -/-embryos revealed absence of the abducens nerve and aberrant innervation of the lateral rectus by fibers from the oculomotor nerve (Fig. 1C) . Given the absence of Mafb expression in oculomotor neurons, this mouse model established that the aberrant innervation of the lateral rectus by oculomotor axons in DRS is secondary to absent innervation of the lateral rectus by the abducens nerve, and is not a primary deficit of oculomotor development or guidance (16) .
CHN1-DRS
Heterozygous missense changes in CHN1 are a rare cause of autosomal dominant, bilateral DRS (18, 58) . MRI studies of affected individuals show absence or hypoplasia of the sixth nerve, small optic nerves, occasionally small oculomotor nerves, and hypoplasia of the superior oblique muscle (50) . CHN1 encodes the RacGAP proteins a1-and a2-chimaerin. Several DRS-causative mutations are in residues unique to a2-chimaerin, indicating the phenotype is related to the a2-chimaerin isoform. a2-chimaerin has been reported to regulate cytoskeletal dynamics downstream of several axon guidance receptors, including EphA4, TrkB, and Neuropilin1/PlexinA (12, (59) (60) (61) (62) (63) (64) . It is widely expressed embryonically (18) , and exists in an autoinhibited form until activated (64, 65) . Human CHN1 mutations hyperactivate the a2-chimaerin protein, primarily by altering residues critical to the closed autoinhibited conformation, leading to increased RacGTPase activity (18) . Overexpression of mutant a2-chimaerin in chick or zebrafish oculomotor neurons causes axon stalling and alters responsiveness to CXCL12 and Sema3A; a2-chimaerin knockdown causes branching defects and occasionally stalling (8, 12, 66) . Mafb mutant mice, however, established that oculomotor innervation of the lateral rectus in DRS is secondary to failure of normal innervation by the abducens nerve, so the relevance of these findings to human development remains undefined (16) .
A mouse model harboring a human L20F CHN1-DRS substitution was developed to study the molecular etiology of CHN1-DRS (67) . Mutant mice had globe retraction, and examination of developing embryos revealed stalling of abducens axons in the hindbrain mesenchyme, misinnervation of the lateral rectus by axons from the oculomotor nerve, and secondary death of abducens motor neurons (67) . Other than the misinnervation of the lateral rectus, the oculomotor nerve developed normally. The trochlear nerve also displayed projection and branching abnormalities, consistent with the vertical movement abnormalities seen in some CHN1-DRS patients (68) . By contrast, Chn1 -/-mice had defasiculation and wandering of some abducens axons, but a subset of axons innervated the lateral rectus and aberrant innervation by the oculomotor nerve was not seen, consistent with a gain-of-function mechanism in CHN1-DRS. The oculomotor and trochlear nerves developed normally in the absence of a2-chimaerin (67) .
Functional studies have begun to provide insights into the selective vulnerability of different neuronal populations in CHN1-DRS. EphA4 had been shown to act upstream of a2-chimaerin in corticospinal and spinal motor neurons (60, 62, 63) , and thus its role in abducens development was examined.
EphA4
-/-mice were found to have wandering and desfasiculation of the abducens nerve, which resembles the Chn1 -/-phenotype, while oculomotor and trochlear nerves developed normally (67) . Selective removal of EphA4 in either the motor neurons or the mesenchyme caused abducens nerve phenotypes that were different from each other and from the full EphA4 -/-, indicating that abducens neurons use both forward and reverse Eph-ephrin signaling. Finally, mutant a2-chimaerin was demonstrated to act downstream of both forward and reverse Eph-ephrin signaling in abducens nerves. By contrast, cervical spinal nerves were found to use only forward Eph signaling, and in the trochlear nerve, a2-chimaerin functioned through a non-ephrin-mediated pathway (67) . These distinct roles of signaling molecules in different neuronal populations begin to explain the selective vulnerability of the abducens nerve to abnormal proteins that are expressed broadly.
Conclusions
Genetic and functional studies of disorders of ocular motility are providing insights into two important aspects of cranial nerve development -motor neuron specification and axon guidance. The CCDDs resulting from disorders of motor neuron specification are generally the result of loss-of-function mutations in transcription factors, and the resulting phenotypes reflect the expression pattern of the mutated gene. The disorders of axon guidance, however, are not easily explained by expression patterns of the mutated genes. Instead, they are typically autosomal dominant disorders that result from specific 'hotspot' amino acid substitutions that result in altered-or gain-offunction. From a molecular standpoint, these disorders provide insight into the critical roles of specific residues for normal protein function. From a developmental standpoint, they provide insights into the selective vulnerability of different axon groups to perturbations in cell signaling and cytoskeletal dynamics. As such, these disorders serve as paradigms for axon guidance mechanisms throughout the nervous system.
